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This invention relates to methods of gene delivery into cells of the central nervous system by Introducing 
and expressing gene sequences using herpes simplex virus 1 (HSV-1) mutants with deletions in gene(s) for 
viral replication. 

The delivery and expression of heterologous or native genes into cells of the nervous system to alter normal 
5 cellular biochemical and physiologic processes in a stable and controllable manner is of substantial value In 
the fields of medical and biological research. This genetic perturbation of the nervous system provides a means 
for studying the molecular aspects of neuronal function and offering therapeutic approaches to pathologic pro- 
cesses. 

Herpes simplex viruses possess several properties that render them attractive candidates as delivery vehl- 

10 dies to bring foreign genes into cells of the peripheral and central nervous systems. (Breakefield. XO., etal.. 
Mol. Neurobloi. 1:339 (1988); Dobson, A.T., etal.. J.Virol. 633844-3851 (1989); Ho and MocarsW, Virology 
167:279-283 (1988); Ho, D.Y., etaL, Prog Nati. Acad. ScL USA 86:7596-7600 (1989); Friedmann, T., Science 
244:1275-1280: Palelia etaL Gene 80: 138 (1989).) 

These viruses can infect and deliver their DNA into many different ceil types, including adult postmitotic 

is neurons; they can enter a state of latency in neurons and possibly other cell types, in which the viral genome 
exists as an episomal element in the nucleus of the cell; they are able to infect a substantial number of cells 
in vivo due to their ability to reach high titers in culture and to propagate in the nervous system and the relatively 
long half life of virus particles; large exogenous DNA sequences can be inserted into their genomes; and they 
possess a wide host range. (Long-necker, R., etal.. In: Viral Vectors. Gluzman, Y. t etal. (eds.) f CSH Lab, pp. 

20 68-72 (1 988); Rorzmann, B„ etai. In: Virology. Fields, B. N. f etal. ( eds. ), Raven Press, New York, pp. 497-626 
(1985); Rock. D.L, et al.. Nature 302: 523-525 ( 1983 >. ) 

Recently, an amp! icon-type plasmid-vector system based on herpes simplex virus 1 (HSV-1) has been used 
to achieve relatively stable expression of the iacZ gene in cultured neurons. (Spaete, RJL, etal Proa Natl. 
Acad. Sd. USA 82: 694 (1985); Geller, AJ., etal, Science 241:1667 (1988); Geller, A.I., etal.. Proc. Natl, Acad. 

25 ScL USA 87:1149 (1990).) In this pi asm Id vector, the jacZ gene was placed under the control of an HSV-1 im- 
mediate-early promoter and packaged using a temperature-sensitive HSV-I helper virus tsK. Coen, D.M., et 
§L Proc Natl Acad. Sci. USA 86:4736 (1989); Leib, DA, etaL, J, Virol. 63:759 (1 989); Davison, MJ., etal.. 
J. Gen. Virol. 65:859 (1984).) 

Several factors appear to limit the potential uses of herpes viruses for gene transfer to cells in culture and 

30 in vivo. These include the relatively frequent occurrence of spontaneous revertants of some mutants; possible 
recombination events between helper virus, viral sequences in plasmids, and latent sequences; deleterious 
effects on host cell macro-molecular synthesis as a result of viral proteins; alterations in the host cell genome; 
and possible reactivation of preexisting latent viruses. (Davison, M.J.. et ah. J. Gen. Virol. 65:859 (1984); Fen- 
wick, M.. Compr. Virol. 19:359 (19841: Heilbronn, R.. et al. J. Virol, 63:3683 (1989): Kwong. A.D.. et al.. J. Virol. 

35 63:4834 (1 989); Johnson, PA, etal.. 14th International Herpes Workshop absL (1 989).) 

In the study of gene expression in neuronal cells in the central nervous system, and the identification of 
therapies for treating neuronal disease of the central nervous system, a need therefore continues to exist for 
methods of gene delivery with efficient viral vectors capable of mediating gene transfer into such cells without 
causing harm to the host animal. 

40 Thus, according to the present invention there is provided a method tor introducing and expressing a gene 
sequence into a central nervous system cell, the method comprising: 

introducing into a central nervous system cell a herpes simplex virus 1 (HSV-1) vector comprising a muta- 
tion gene for viral replication and a gene sequence operably linked to a promoter sequence so that the gene 
sequence will be expressed in the cell; and 

45 expressing the gene sequence. 

The mutation in the gene for viral replication is preferably in a gene coding tor immediate early genes. This 
may be a gene that encodes infected cell proteins (ICPs) 0, 4, 22, 27 and /or 47. 

However, suitably the mutation in the gene for viral replication is in a gene coding for early genes. In such 
a case, it is preferred that the early genes encodes thymidine kinase or DNA polymerase. 

so The invention also relates to a pharmaceutical composition comprising the herpes simplex virus 1 men- 
tioned in the above method and a pharmaceutical^ acceptable carrier. 

The invention additionally relates to the use of a herpes simplex virus 1 as described in the above method 
for use in medicine. 

The invention also relates to the use of a herpes simplex virus 1 (HSV-1) vector having a mutation in a 
6S gene for viral replication and having a gene sequence operably linked to a promoter sequence, the vector allow- 
ing the gene sequence to be expressed in a central nervous system cell so that the expressed gene product 
complements a neurological deficiency, in the preparation of an agent for treating a neurological deficiency of 
the central nervous system. 
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The present invention additionally encompasses the use of a herpes simplex virus 1 (HSV-1) vector with 
a mutation in a gene for viral replication and having a gene sequence operably linked to a promoter sequence, 
the vector allowing the expression of the gene sequence in a neuronal cell to modulate neuronal physiology in 
the preparation of an agent for modulating neuronal physiology in a neuronal cell. 

5 It will be appreciated that the preferred features and characteristics of a method or uses according to the 

present invention are interchangeable. 

The present invention is directed to a method for introducing gene sequences into cells of the central nerv- 
ous system using HSV-1 mutants as vectors for gene delivery. The HSV-1 virus is mutated so that it has a dele- 
tion^) in a gene(s) for viral replication. The desired gene sequence to be delivered to the cell is inserted into 

10 the mutated HSV-1 such that the gene sequence will be expressed in the host cell. By the method according 
to this invention, a gene sequence is expressed in a cell in the central nervous system by introducing the 
mutated HSV-1 vector with a mutation in a gene for viral replication and with a gene sequence operably linked 
to a promoter sequence so that the gene sequence wfll be expressed in the host cell. 

The invention also concerns a method for treating a neurological deficiency of the central nervous system 

is by expressing a gene sequence, which complements the deficiency, in a cell in the central nervous system by 
introducing a HSV-1 vector with a mutation in a gene for viral replication and with a gene sequence operably 
linked to a promoter sequence so that the gene sequence will be expressed in the cell and the expressed gene 
product complements the deficiency. 

The invention is further directed to methods for modulating neuronal physiology by delivery of neuropeptide 

20 genes, such as those genes that express proteins or poly-peptides to block pain; genes that express growth 
factors; genes that express proteins or polypeptides to promote regeneration or prolong life-span of a ceil; 
genes that express toxic proteins or polypeptides, for example to kill tumor cells. In the methods for modulating 
neuronal physiology, the method comprises introducing into a cell a HSV-1 vector with a mutation in a gene 
for viral replication and with a gene sequence coding fertile desired protein or polypeptide operably linked to 

25 a promoter sequence so that the gene sequence win be expressed in the cell and upon expression wil modulate 
the neuronal physiology. 

Using HSV-1 vectors that have mutations in genes necessary for efficient viral replication, the inventors 
have discovered methods for introducing and expressing a gene sequence in cells of the central nervous sys- 
tem without toxicity to the host animal. . 

30 HSV-1 is a double-stranded DNA virus which is replicated and transcribed in the nucleus of the cell, in vir- 

ions, HSV-1 vectors are composed of head to tafl repeats. (Stow, N.D. etaL Eukaryofic Viral Vectors. Y. Gluz- 
man, Ed. (Cold Spring Harbor Laboratory, Cold Spring Harbor, N.Y., 1982), pp. 199204; Spaete, R.R. etaL. 
Cell 30:285 (1 982).) HSV-1 contains approximately 1 00 genes and is approximately 1 50 kilobases in size. Five 
immediate early ("IE") 9 enes encode infected cell proteins (ICPs) o f 4, 22, 27, and 47, the major regulatory 

35 proteins of the virus. These immediate early proteins then act to regulate the expression of viral proteins of the 
early (E) and late (L) classes, proteins of the E class are responsible for viral DNA replication. The late ("L") 
genes are induced after DNA replication and encode the structural components and enzymes required for 
assembly of virus particles. When the late genes are induced, transcription of the immediate early genes is 
reduced. 

40 Post-mitotic neurons harbor HSV-1 in the virus' latent state (Stevens, J.G., Curr.Top. Microbiol. Immunol. 

70:31-50 (1975).) Once HSV-1 attains latency, it can be retained for the life ofthe neuron. Latent HSV-1 is cap- 
able of expressing genes. Expression of genes encoded by HSV-1 has been detected by in vitro hybridization 
in latently infected neurons. Furthermore, HSV-1 is transported both anterogradely and retrogradely In neurons, 
and can be passed transsynapticaDy. These properties are especially advantageous in that it suggests that 

45 HSV-1 vectors will be capable of reaching targets of interest some distance away from the injection site. 

Two lines of evidence suggest that HSV-1 can infect most, if not all, kinds of neurons in the central nervous 
system. First, following inoculation of HSV-1 in the periphery, a burst of virus production ascends the neuraxis, 
initially in the sensory or motor neurons innervating the site of inoculation, then in the spinal cord, brain stem, 
cerebellum, and cerebral cortex (Koprowsld, H., In: Persistent Viruses (Stevens, F.G., ed.), pp. 691-699, 

60 Academic Press, NY (1978).) Second, attempts to mimic HSV-1 latency in tissue culture with different prepa- 
rations of neurons have required high temperature, DNA synthesis inhibitors, and antisera directed against 
HSV-1 virions to prevent a lytic infection for spreading to all the neurons (Wigdahl, B., etaL. Proa Nati. Acad. 
Sti. USA 81:6217-6201 (1984).) 

In the method according to this invention, HSV-1 vectors with mutations in genes involved in viral replication 

55 can be used to effect gene delivery to cells in the central nervous system. As used herein, the term HSV-1 vec- 
tors, or mutated HSV-1 , is meant to include viral HSV-1 in which the viral sequences have been directly modified 
so that it may be used for a vector for gene delivery. The term "mutations in genes involved in viral replication" 
Is meant to include gene deletions, gene deficiencies, gene activation, and the like. As stated above, genes 
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that are involved In viral replication that may be mutated in this Invention include the five immediate-earty (IE) 
viral genes encoding regulatory Infected ceQ proteins (lCPs) 0, 4, 22, 27, and 47. These genes are described 
In detail in Longnecker, FL, etal.. In: Viral Vectors. Gluzman, Y.. etal.. (eds.), CSH Lab, pp. 68-72 (1988); Roiz- 
mann, B.. etal, In: Virology. Fields. B.N., etaL (eds.), Raven Press, New York, pp. 497-526 (1985); Rock. D.L, 

5 et ah. Nature 302:523-525 (1983), 

The early genes that are Involved In viral DNA replication that may be mutated and used in this invention 
include thymidine kinase and DNA polymerase. These early temporal class of expressed HSV-1 genes are des- 
cribed in detail in Longnecker. R., etal.. In: Viral Vectors. Gluzman. Y., etal. (eds.). CSH Lab. pp. 68-72 (1988); 
Roiznrann, B„ etaU In: Virology, Fields, B.N., etaL (eds.), Raven Press, New York, pp. 497-526 (1985); Rock, 

10 D.L. et al. Nature 302523-525 (1983). 

The preferred mutated HSV-1 virus vectors are those that enter latency in neurons and do not reactivate 
or reactivate very inefficiently. 

The present Invention concerns a means for in vivo introduction of oene sequences into cells of the central 
nervous system. The cells of the central nervous system include primarily neurons, but also include neuroglia 

is and other cells. These cells are collectively described herein as 'neural or neuronal" cells. Neural cells are des- 
cribed, for example, by Barr, M.L.. The Human Nervous System An Anatomic Viewpoint 3rd. Ed., Harper & 
Row, NY (1979), which reference is herein incorporated by reference. 

The term "gene sequence," as used herein, is intended to refer to a nucleic add molecule (preferably DNA). 
Such gene sequences may be derived from a variety of sources including DNA, cDNA, synthetic DNA, RNA, 

20 or combinations thereof. Such gene sequences may comprise genomic DNA which may or may not include 
naturally occurring introns. Moreover, such genomic DNA may be obtained in association with promoter regions 
or poly A sequences. The gene sequences of the present invention are preferably cDNA. Genomic DNA or 
cDNA may be obtained in any of several ways. Genomic DNA can be extracted and purified from suitable cells 
by means well-known in the art Alternatively, mRNA can be isolated from a cell and used to produce cDNA 

25 by reverse transcription, or other means. 

As win be appreciated by one of ordinary skfll, the nucleotide sequence (s) of the inserted gene sequence 
or sequences may be of any nucleotide sequence. 

The desired gene sequence is operabry linked, and under the control of promoter sequence so that the 
gene sequence wfll be expressed In the host cell. The promoter sequence is one that is active during viral 

90 latency. A viral promoter active during latency can drive stable expression of foreign genes in sensory neurons. 
(Dobson, A.T., etal., J. Virol. 63:3844-3851 (1989); Ho, D.Y., et al.. Prop. Nag. Acad. Set USA 86:7596-7600 
(1 989).) Since herpes virus Is known to be maintained in a latent state in the brain, the promoter for the laten- 
cy-associated transcript (LAT) may be used to mediate stable gene expression. Further, the promoters for the 
genes for viral replication can be used as promoters to express the gene sequence. 

35 A viral vector, as that term is used herein, is a nucleic acid molecule (preferably of DNA) In which a gene - 

sequence (which is to be transferred) is fused to a subset of viral sequences which are capable of expressing ' 
the gene. Also, the viral vector according to this invention will have a mutation in a gene necessary for efficient 
viral replication. The viral vector should also not have deleterious effects on the host and should infect cells 
without a helper virus. The viral sequences and the total genome size is selected such that the vector is capable 

40 of being encapsulated in a virus particle and thus be capable of binding to, and introducing fts gene sequences 
into a virus-sensitive host ceO. 

The HSV-1 mutant viral vectors of the present invention can be obtained by transfecting permissive cells 
with a mixture of plasmid DNA containing HSV-1 gene deletions and infectious and helper HSV-1 DNA. Stow, 
N.D. etal.. Eukarvotic Viral Vectors. Y. Gluzman, Ed. (Cold Spring Harbor Laboratory, Cold Spring Harbor, N.Y., 

45 1982), pp. 199-204; Spaete, R.R. et al.. Cell 30:285 (1982).) The obtained mutated HSV-1 viral vectors can be 
propagated as viruses in appropriate host cells. To grow most mutants, one must transfect a cell with the 
mutated (and missing) viral gene to replace the deleted viral replication function. 

Injection of the vectors to express the desired ge ne sequence may be done into the brain or into the spinal 
cord or into nerve endings in the skin, or blood vessels, ventrification surface, etc. 

so Gene transfer technology has several applications to neuroscJence and neurochemistry. The most 

immediate applications are, perhaps, in elucidating the process of neural peptides and the functional domains 
of proteins. Cloned cDNA or genomic sequences for neural proteins can be introduced in vivo In order to study 
cell type-specific differences in processing and cellular fate. By placing the coding sequences under the control 
of a strong promoter, a substantial amount of the protein can be made, thus avoiding difficulties in characterizing 

55 trace amounts. Furthermore, the specific residues involved in protein processing, intracellular sorting, or 
biological activity can be determined by mutational change in discrete residues of the coding sequence. 

Gene transfer technology can also be applied to provide a method to control expression of a protein and 
to assess 3s capacity to modulate cellular events in the central nervous system. Certain functions of neural 
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proteins can be studied in vivo, for example, at different times in development or aging in order to monitor 
changes in receptor density, cell number, fiber growth, electrical activity, and other relevant properties. 

Gene transfer provides a means to study the DMA sequences and cellular factors which regulate expression 
of neural specific genes. One approach to such a study would be to fuse the regulatory elements to be studied 
5 to a particular reporter gene and subsequently assaying for the expression of the reporter gene. 

The regulation of gene expression in neuronal cells has been found to have a role in maintaining homeos- 
tasis and is believed to have a role In mediating information retention in response to external and internal signals 
(Black, I.B., et ah. Science 236: 1263-1268 (1987).) During development, coordinate regulation of gene exp- 
ression serves to produce a differentiated phenotype, e.g., as in catecholamine metabolism and myelin biosyn- 
10 thesis. Regulation depends on many factors including chromatin structure, DNA methyiation, and transacting 
factors, which respond to phosphorylation, hormones, and other signals. It is a complex process that allows 
sets of genes to be expressed together or differentially and may involve a combinatorial code of regulatory sequ- 
ences* 

Issues of cellular fate and interactions in the central nervous system can also be addressed by gene trans- 

15 for. For example, genes which encode histological markers can be introduced into embryonic cells to determine 
lineage relationships during development and to elucidate neuronal pathways and to follow cell maturation and 
fate, in addition, genes encoding growth factors, oncogenic proteins, toxic peptides, or other physiologically 
important proteins, can be introduced into specific areas of the brain and spinal cord to study their effects on 
cell division, survival, and differentiation. For some studies, gene transfer or gene expression must be restricted 

20 to specific cells In the nervous system. 

Gene transfer also possesses substantial potential use in understanding and providing therapy for disease 
states. There are a number of inherited neurologic diseases in which defective genes are known and have been 
cloned. In some cases, the function of these cloned genes Is known. In humans, genes for defective proteins 
have been identified for (1) lysosomal storage diseases such as those involving ^-hexosaminidase (Komeriuk, 

25 R.G., etal,. J. Biol. Chem, 261: 8407-8413 (1986); Myerowitz, R., etaL Proc. Natl. Acad. Sci. USA 82:7830- 
7834 (1985)) and glucocerebrosidase (Sorge etaL Proc. Natl. Acad. Sci. USA 82:5442-5445 (1985): Tsuji, 
S., etaL, N. Engl. J. Med. 316: 570-575 (1 987)), (2) for deficiencies in hypoxanthine phosphoribosyi transferase 
activity (the "Lesch-Nyhan" syndrome; Stout et al.. Met Enzymol. 151:519-530 (1987)), (3) for amyloid 
polyneuropathies (prealbumin; Sasaki, H. f et al.. Biochem. Biophvs. Res. Commun. 125: 636-642 (1984), (4) 

30 for Alzheimer amyloid (Tanzi, R.E., etal.. Science 235: 880-884 (1 987): Goldgaber, D„ et al Science 235:877- 
880 (1986)); (5) for Duchenne's muscular dystrophy (uncharacterized muscle protein; Monaco, AJ»., etaL, Nat- 
ure 323:646-650 (1987)); and (6) for retinoblastoma (uncharacterized protein expressed In the retina and other 
tissues, Lee, W.-H., et al.. Science 235: 1394-1399 (1987); Friend, S.H., etal.. Nature 323:643-646 (1986).) 
Gene transfer techniques can also be used to study the "shiverer" mutation (myelin basic protein, Roach, 

35 A., etal.. CeU 42:149-155 (1987); Molineaux, S.M., et al., Proc. Natl. Acad. Sci. USA 83:7542-7546 (1986)) 
and the "jimpy" mutation (proteolipoprotein, Nave, K.-A., etal., Proc. Natl. Acad. Sci. USA 83:9264-9268 (1986); 
Hudson, LP., et al.. Proc. Natl. Acad. Sci. USA 84:1454-1458 (1987U 

The above diseases fall into two classes: deficiency states, usually of enzymes, which are inherited in a 
recessive manner; and unbalanced states, at least sometimes involving structural or regulatory proteins, which 

40 are inherited in a dominant manner. 

For deficiency state diseases, gene transfer could be used to bring a normal gene Into affected tissues for 
replacement therapy, as well as to create animal models for the disease using antisense mutations. For unba- 
lanced state diseases, gene transfer could be used to create the disease state in a model system, which could 
be used in efforts to counteract the effect of the imbalance. Thus, the methods of the present invention permit 

45 the treatment of neurological diseases. As used herein, a deficiency state disease is "treated" by partially or 
wholly remedying the deficiency which causes the deficiency or which makes it more severe. As used herein, 
an unbalanced state disease is "treated" by partially or wholly remedying the Imbalance which causes the dis- 
ease or which makes it more severe. 

The method of this invention may also be used to modulate normal physiologic processes, e.g„ delivery 

60 of growth factors or other peptides or enzymes to optimize neural regeneration after injury or prolong cell sur- 
vival in aging or after toxic insults. In addition, it can be used to regulate transmission across certain synapses, 
for example, to kill neurons in the pathway, or alter neurons within phenotype by up or down regulation of normal 
neuropeptides or producing neuropeptide analogs as in pain transmission. 

In summary, this invention provides a framework for construction and use of replication deficient HSV-1 

55 vectors that can mediate delivery and expression of genes in neurons and other cells in the brain and spinal 
cord. Virus mutants which cannot replicate in neurons, but can still enter latency, provide the safest vehicle for 
delivery and appear optima! for targeted delivery to individual neurons either to effect changes In their physiol- 
ogy or to trace their extensions. Mutants which undergo limited replication can be used to alter the physiology 



6 



EP0453242A1 

of larger groups of neurons and possibly even through to be transmitted across synapses. Such mutants, how- 
ever, may be somewhat pathogenic, as cells harbouring productive infections may be killed. Herpes vectors 
thus offer the potential to alter the physiology of single or groups of neurons to study their function and also 
provide an avenue of exploration for therapeutic interventions aimed at correcting defects and modulating in 
5 neuronal functions. 

Having now generally described this invention, the same invention wiH be described in greater detail by 
reference to the accompanying drawings and Examples which are included herein for purposes of illustration 
only and are not intended to be limiting of the invention In the drawings: 

Figure 1 shows six photomicrographs illustrating 0-galactosidase expression in rat brain cells after injection 
10 with herpes simplex vims vectors 7134 and RH105 after 1 day, 3 days, and 14 days; 

Figure 2 shows a photomicrograph illustrating 0-galactosidase expression in rat brain cells after injection 

with herpes simplex virus vector GAL4; 

Figure 3 is a bar chart showing rat brain areas that contain p-galactosidase expressing cells; and 
Figures 4a and 4b show 7134-mediated p-galactosidase gene expression in (a) cerebral cortex, and (b) 
15 pyramidal neurons in cerebral cortex, respectively. 

EXAMPLE A 

Three mutant viruses were studied to explore the potential of these replication deficient mutants as vectors 

20 to deliver genes in CNS cells in vivo. 

The first vector, 71 34, provided by Drs. Priscflla S chaffer and Weizhong Cai (Dana Farber Cancer Center) 
possesses lacZ substitutions in both copies of HSV-1 ICPO gene The construction of this vector is described 
in detail in Cai, W„ etal.. J. Virol. 63:4579 (1989), incorporated herein by reference. Expression of lacZ in this 
mutant is regulated by the ICPO immediate-early promoter. Compared to wild-type HSV-1, ICPO mutants rep- 

25 Heats poorly in a variety of cells in culture and invjva These mutants establish latency in sensory neurons of 
trigeminal ganglia as frequently as wild-type HSV-1, when used to inoculate mouse corneas. Once they have 
established latency, however, they reactivate very inefficiently. (Leib, DA, etaL J. Virol. 63:759-768 (1989); 
Sacks, W.R., etal. . J. Virol. 61:829-839 (1987).) 

The second vector, GAM, provided by Dr. Neal DeLuca, possesses lacZ substitutions in both copies of 

so the 1CP4 gene. This vector is described in detaB in Shepard, AJK.. etaL, J.Virol. 63:3714 (1 989), incorporated 
herein by reference. Expression of lacZ is controlled by the early promoter for the ICP6 gene. ICP4 mutants 
do not replicate in culture or when Inoculated onto mouse corneas. As a consequence, ICP4 mutants are unable 
to establish latency efficiently, and cannot reactivate from the latency state. (DeLuca, NA, et aL, J. Virol. 
6*732-743 (1988); Leib, DA, etal., J. Virol. 63: 759-768 (1989).) 

35 The third vector, RH1 05, provided by Drs. Edward Mocarski and Dora Ho (Stanford) contains a lacZ sub- 
stitution in the thymidine kinase gene. This vector is described in detail in Ho, D.Y., et aL. Virology 167:279 

(1 988) , incorporated herein by reference. Expression of this gene is regulated by the ICP4 immediate-eariy pro- 
moter. Thymidine kinase (TK) gene is described in patella etaL . Gene 80:138 (1989); Coen, D.M., etal.. Proc. 
Natl. Acad. Sci. USA 86:4736 (1989); Ho, D.Y., etal.. ViroL 167: 279 (1988). TK mutants can replicate in actively 

40 growing cells in culture (presumably by utilizing the endogenous cellular thymidine kinase), but replicate poorly 
following inoculation peripherally or in nervous system ceils into rodents. (Leist, T.P., etaL J. ViroL 63:4976 

(1989) ; Coen, D.M., etal.. Prog Natl. Acad. Sci. USA 86:4736 (1989).) These mutants can enter latency in 
sensory neurons of peripheral ganglia, but do not reactivate from the latent state. (Leist, T.P., etal.. J. ViroL 
63:4976 (1989); Coen, D.M., etaL, Proa Natl. Acad. Sci. USA 86:4736 (1989).) 

45 Previous animal studies with similar mutant viruses have shown that they are relatively nonpathogenic. (Ho, 
D.Y.. etal.. Virology 167: 279 (1988); Coen. D.M.. etal.. Proc. Natl. Acad. Sci. USA 86:4736 (1989); Leib, D.A., 
et aL. J. Virol. 63: 759 (1989).) However, these experiments were based on inoculation of epidermal tissues 
(corneas or footpads) and histological assessment of infections in the sensory ganglia of the peripheral nervous 
system. 

so These three vectors, 7134, GAL4, and RH105, were used to express the Escherichia coll lacZ gene in 
neuronal ceils of rat central nervous system. These vectors possessed lacZ deletional substitutions in the genes 
encoding the immediateeariy viral proteins, ICPO and ICP4. and the early protein, thymidine kinase, and con- 
sequently were compromised or defective in their ability to replicate. In all cases lacZ was placed under imme- 
diate-early or early viral promoters active in the early phase of infections. Expression of 0-galactosldase was 

65 observed in cortical neurons following stereotactic inoculation of these mutant viruses into adult rat brains. All 
mutant vectors exhibited markedly reduced pathogenesis in animals as compared to wild type HSV-1 KOS 
strain. Different patterns of expression of the p-galactosidase gene were observed with the different vectors 
used. Injection of the ICPO mutant in frontal cortex and caudate produced p-galactosidase expression in a sub- 
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stantial number of cells around the inoculation site and at some distance from it for up to 14 days. The ICPO 
vector appeared to have been transported retrogradely to the contralateral cingulate cortex. The 1CP4 and 
thymidine kinase mutants showed only a few ceils expressing 0-galactosidase cells in brain areas immediately 
adjacent to the injection tract for a few days after injections. These herpes virus-derived vectors provide an 
5 opportunity for the in situ delivery and expression of specific genes in neurons in the central nervous system 
(CNS) with little adverse effect on animals. 

Example 1 

10 In order to evaluate the potential use of vectors 7134, GAL4, and RH 105 for direct gene delivery into CNS 

cells, the potential pathogenic effects on animals following direct intracerebral inoculations was first assessed. 
Using 200,000 plaque forming units (PFUs) of 7134, GAL4, RH105, or the wild-type KOS strain of HSV-I in 2 
|il volumes, these vectors were injected into the right frontal area of adult rat brains. As a control, equal volumes 
of medium alone were injected. Rat survival and behavior were then assessed daHy for two weeks. Table I 

is shows the survival results for these animals. While all animals survived for three days without apparent abnor- 
malities, seven of eight rats injected with KOS and one of seven rats injected with 7134 exhibited profound 
behavioral abnormalities. The rats injected with KOS showed either lethargy or marked hyperactivity after 3 
days, had frequent seizures within 4-5 days, and died by 6 days. The animal that did not survive the 7134 injec- 
tion was lethargic and showed a marked decrease in feeding and drinking activities starting approximately 3 

20 days after injection and its death occurred rapidly thereafter. One animal that received an intracerebral injection 
of 7134 became lethargic and perished after 8 days. At autopsy, foci of p-ga!actosidase positive neurons were 
found dispersed throughout the cerebral cortex, particularly in the temporal lobes. This pattern appeared similar 
to the one seen in the rats that had received Intracerebral injections of the wQd-type HSV-1 KOS. Since this 
particular rat had been housed mistakenly in a cage that contained rats which had been injected with wild-type 

25 vims, one possible explanation for the widespread distribution of lacZ positive cells in this animal is that it also 
became infected with wild-type HSV-1 KOS, presumably through some of the blood and serious fluid found at 
the craniotomy site. This might have created a helper effect allowing for the widespread replication of 71 34 in 
this animal.). Control animals and those injected with GAL4 or RH105 viruses showed no behavioral abnor- 
malities or death over a two-week period. These results indicate that these HSV mutant vectors, GAL4, RH 1 05, 

30 and 7134, are relatively nonpathogenic and that behavioral abnormalities do not routinely result from their use 
in rats. A repeated study with 7134 did not show the anomaly previously exhibited. 

Example 2 

35 After inoculations as described in Example 1 , rats were sacrificed one, three and fourteen days after virus 
inoculations in order to assess the extent of p-galactosidase expression. Brains were processed histochemi- 
cally and assessed for the presence of p-galactosidase activity. In the presence of the substrate X-gal at alkaline 
pH, this enzyme yields an intense blue stain throughout the cytoplasm of infected ceils. (Turner, D.l_ et aL, 
Nature 328: 131 (1987); Price, J., etal.. Proa Natl. Acad. Sd USA 84:156 (1987); Sanes, J.R., et al.. EMBQ 

40 jK5:3133 (1986).) 

With the aid of a stereotactic apparatus, approximately 200,000 PFUs of each mutant virus were injected 
into the right frontal area of rat brains (stereotactic coordinates: AP +2.7/LAT -0.3/Depth -0.4). Two pi volumes 
were injected with a Hamilton syringe using stereotactic coordinates. Rats were then monitored daily for abnor- 
malities In feeding and drinking behavior and for level of activity. One, three, and fourteen days after viral injeo- 

45 tions, animals were anesthetized and sacrificed by intracardiac perfusion with 200 ml of 3% paraformaldehyde 
in phosphate buffered saline. Anesthesia was obtained by intraperitoneal injection of 0.5 mM ml of a solution 
that contained 16.2% nembutal, 10% ethanol, 39.6% polyethylene glycol, 166 mM magnesium sulfate and 
4.25% chloral hydrate. Brains were then processed over the following 3 days by serially placing them for 
approximately 24 hours in the same solution which contained increasing concentrations of sucrose (15%, 20%, 

so and 30%). After freezing on dry ice and storage at 70°C, brains were sectioned on a cryostat in 40 M sections. 
After washing with phosphate buffered saline, secretions were reacted overnight in a solution containing 0.1% 
X-Gal, 2 mM magnesium chloride, 35 mM potassium forrocyanide, 35 mM potassium ferrocyanide, 0.1% 
sodium deoxycholate and 0.1% NP4.0. After washing in phosphate buffered saline, sections were mounted on 
glass slides and examined by light microscopy. 

55 Numerous cells expressing p-galactosidase were observed one, three and 14 days after stereotactic injeo- 

tion of 71 34 into the right front cortex. While most cells expressing p-galactosidase were localized withina 175 
jim 2 and around the injection site at day 1, positive cells were found in a 600 urn 2 area by day 3. By day 14 
there was a diminution in the number of cells expressing p-galactosidase with sparse foci located (100 urn 2 ) 
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around the needle track. 

In contrast to the findings for 7134, one and three days after RH105 injection, sparse foci of p-galactosidase 
expressing cells were present only along the needle trade (covering an area of 10 jim 2 ), and by 14 days no 
positive ceQs could be detected (Figure 1). 
5 Similarly, after GAL4 injection, only an occasional ceD expressing p-galactosidase were observed (Figure 

2). Procedures were the same as those given for Figure 1 , except that, after the p-galactosidase hlstochemical 
reaction, the brain sections were dehydrated in 70% and 80% ethanoi and then counterstalned with neural red. 
Sections were then rinsed in 80% ethanoi and water before examining them by light microscopy. 

These findings indicate that two patterns of gene delivery are characteristic of these vectors. The first, rep- 
10 resented by 71 34, is that of a replication compromised vector capable of delivering a gene to a relatively large 
number of cells In the CNS with limited spread away from the site of a delivery. The second, represented by 
GAL4 and RH1 05, is that of a replication defective vector that delivers a gene to only a few cells at the injection 
she without spread to other sites. 

The differences in the patterns of gene expression in the CNS among the vectors could also reflect the 
is inactivation of different viral genes, or genetic differences amongst the viral strains used. Vectors 7134 and 
GAL4 were obtained from an HSV-1 KOS virus strain that had been propagated in one laboratory, whereas 
RH105 was derived from an HSV-1 KOS strain propagated in a different laboratory. The wild-type HSV-1 KOS 
strain used as a control in all experiments was also obtained from the same laboratory that vectors 7134 and 
GAL4 were obtained. 

20 The differences in the patterns of gene expression in the CNS among the vectors may also reflect variations 
In promoter strength. This latter possibBiry is not likely, however, since all three promoters, ICP0 (7134), ICP6 
(GAL4), and ICP4 (RH105), are expressed with immediate-early kinetics during productive Infection. 

The pattern of 7134-mediated p-galactosidase expression is best explained by an initial productive infection 
In numerous cells near the injection site followed by secondary spread of viral particles to adjacent brain areas. 

25 Eventual limit to the spread of this virus could be mediated by decreasing yields of virus from infected ceils 
and entry into latency, and/or by immunosuppression. By contrast, the pattern of RH105 or GAL4-mediated 
p-galactosidase expression indicates that only a small number of cells near the injection site are infected ini- 
tially, and that no productive infection occurs, although the virus may enter latency. 

As controls, brains from rats that had been injected in right frontal areas with the wfld-type virus and with 

30 medium alone were examined. A monoclonal antibody ID-4 against the major capsid protein of the virus was 
used to detect infected neurons in rats five days after injection with wild-type HSV-1 KOS. At this time these 
animals exhibited profound behavioural abnormalities. 

Brain sections from HSV-1 KOS Injected rats were rinsed in Tris-buffered-saline (TBS) solution (pH 7.4) 
and incubated for one hour with horse serum (diluted according to Vectastain ABC kit specifications). The sec- 

as tions were then reacted for one hour with medium harvested from the I D-4 monoclonal antibody producing hyb- 
ridoma line. After thorough rinsing in TBS, the sections were Incubated for one hour with biotinylated horse 
anti-mouse IgG (Vectastain). After add itional rinsing, the sections were placed for 30 minutes in Vectastain ABC 
solution, containing avidin and then In a solution containing 0.01% hydrogen peroxide and 0.05% dtamino ben- 
zidine tetrahydrochloride In 0.1 M Tris HCP, pH 7.2 for 2-5 minutes. Sections were then rinsed in TBS and moun- 

40 ted on glass slides. 

The immunohistochemical reaction detected numerous areas where viral antigen was present at a distance 
from the injection site (results not shown). These included bilateral cortical regions in the frontal, cingulate, tem- 
poral and parietal lobes. This suggested that the limited number of p-gaiactosidase expressing cells seen fol- 
lowing injection of the mutants is a property of the mutants and is not due to technical artifacts. When medium 

4S alone was injected, no blue staining was visible even at higher magnification (results not shown). This control 
was necessary due to reports that the p-galactosidase hlstochemical reaction will at times detect endogenous 
lysosomal p-galactosidase activity. Ho, D.Y., etaL. Virology 167: 279 (1988).) 

Figure 3 represents rat brain areas that contain p-galactosidase expressing cells. Areas along the needle 
track were calculated by measuring the furthest linear distance between cells expressing p-galactosidase in 

60 two perpendicular directions and then multiplying the two values. Several sections (range: 3-11) were measured 
for each inoculation from at least two different rats (range: 2-4). Error bars indicate S.D. from mean). Bar graphs 
represent the averages of these measurements. Measurements were taken with the aid of an ocular micrometer 
on a light microscope. 

To determine which type of cells expressed p-galactosidase, following inoculation of 7134 into the right 
55 caudate, sections were then examined for p-galactosidase expression after counterstalning with neutral red. 
Both small and large types of caudate neurons, as identified by morphology, expressed p-galactosidase three 
days later. 

Stereotactic injections of 7134 were performed in the right caudate nucleus (stereotactic coordinates: AP 
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+1.7; LAT -0.3; Depth -0.4). Animals were sacrificed three days later. Brains were then processed, stained for 
P-galactosidase activity and counterstained with neutral red as described in the preceding figures. 

In some rats expression of the tacZ gene was evident in a relatively large area of the cingulate cortex (Figure 
4a), probably due to retrograde transport of the virus from the caudate. Examination of the cingulate cortex at 
higher magnification revealed discrete labeling of pyramidal neurons, identified by characteristic morphology 
(Figure 4b). Reaction product was apparent throughout dendrites and axons. Most of these neurons did not 
show evidence of degeneration, such as swelling or beading of processes. It was also evident 0-gaIactosidase 
gene expression was not as apparent in non-neuronal cell types. 

In these studies, lacZ gene transfer and expression into CNS neurons was achieved using replication defi- 
cient HSV-1 mutants. The majority of cells expressing lacZ following inoculation of the 7134 replication-com- 
promised mutant possessed the morphological characteristics of neurons, in addition, many of the neurons 
expressing lacZ. (following caudate inoculation) were found some distance away in the cingulate cortex, raising 
the possibility that the virus possesses a particular trophism for this cortical region. This finding also supports 
the occurrence of retrograde transport of the mutant virus following from nerve endings in the caudate to cell 
bodies in the cortex. Transneuronal transport can deliver genes to specific neurons via inoculation into areas 
containing their axonal or dendritic projections. Recent findings using wild type HSV-1 indicate that trans- 
neuronal and transsynaptic transfer can be followed using 3 H-thymidine labeling and Immunocytochemical 
staining of viral antigens. (Ugolini, G„ et al.. Science 243:89 (1989); Norgren, Jr., R.B., et aL. Brain Res. 
479:374-378 (1989); Margolis, T.P., etaL, J. ViroL 63:4756-4761 (1989); Kuypers, G.J.M.. et al.. TINS 13:71-75 
(1990).) The viral vectors with the lacZ substitutions thus should be used for transsynaptic transport This pro- 
vides a useful tool to neuroanatomically trace specific neuronal projections and synaptic pathways with less 
toxicity to animals. 



TABLE 1. SURVIVAL OF RATS AFTER INTERCEREBRAL INJECTIOH 
OF VIRUS 

Days After Infetflpn 





1 


3 


14 


Control* 


12/12 b 


8/8 


4/4 


7134 


26/26 


8/8 


6/7C 


7134 


12/12 


12/12 


12/12 


GAL4 


15/15 


11/11 


3/3 


RH105 


12/12 


8/8 


4/4 


KOS 


19/19 


15/15 


l/8 d 



a Equal volume of medium was injected. 

b Expressed as animals surviving/animals inoculated on day 0. 

c Death of one animal occurred 8 days after injection. This 
animal exhibited lethargy and inactivity prior to death. 

d Animal deaths occurred 6-7 days after inoculation and were 
preceded by frequent seizures 5 days following inoculation. 
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Claims 

1. A method for introducing and expressing a gene sequence into a central nervous system cell, the method 
comprising: 

5 introducing into a central nervous system cell a herpes simplex virus 1 (HSV-1) vector comprising 

a mutation gene for viral replication and a gene sequence opera bly linked to a promoter sequence so that 
the gene sequence will be expressed in the cell; and 
expressing the gene sequence. 

10 2. A method according to claim 1 wherein the mutation in the gene for viral replication Is in a gene coding for 
Immediate early genes. 

3. A method according to claim 2 wherein the gene coding for immediate early genes is a gene that encodes 
infected cell proteins QCPs) 0, 4, 22, 27 and/or 47. 

15 

4. A method according to claim 1 wherein the mutation in the gene for viral replication is in a gene coding for 
early genes. 

5. A method according to claim 4 wherein the gene coding for early genes encodes thymidine kinase or DNA 
20 polymerase. 

e. The use of a herpes simplex virus 1 (HSV-1) vector having a mutation in a gene for viral replication and 
having a gene sequence operabry linked to a promoter sequence, the vector allowing the gene sequence 
to be expressed in a central nervous system cell so that the expressed gene product complements a 
25 neurological deficiency, in the preparation of an agent for treating a neurological deficiency of the central 
nervous system. 

7. The use of a herpes simplex virus (HSV-1) vector having a mutation in a gene for viral replication and having 
a gene sequence operabry linked to a promoter sequence, the vector allowing expression of the gene sequ- 

30 ence in a neuronal cell to modulate neuronal physiology in the preparation of an agent for modulating 
neuronal physiology in a neuronal cell. 

8. The use according to claim 6 or 7 wherein the mutation in a gene for viral replication is in a gene coding 
for an immediate early gene, such as an immediate early gene which encodes infected cell proteins (ICPs) 

35 0,4,22, 27, or 47. 

9. The use according to claim 6 or 7 wherein the mutation is a deletion in a gene coding for early genes. 

10. The use according to claim 9 wherein the gene coding for early genes encodes thymidine kinase or DNA 
40 polymerase. 
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FIGURE 2 
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FIGURE 3 
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FIGURE <*a 
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FIGURE 4b 
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